). Analysis of velocity distribution showed that wt-FL-htt significantly increased that htt is a processivity factor that increases the transport efficiency of BDNF-containing vesicles along MTs. the number of vesicles that have a velocity greater than 42 m/min (see Supplemental Figure S2 at Cell web site). In the pathological situation, BDNF transport is affected as polyQ-htt via the HAP1 protein disrupts the associaTo unequivocally confirm that the stimulatory effect on vesicular transport is due to the presence of htt, tion of key components of the motor machinery to MTs. Reduced BDNF transport leads to a decrease in neurowe decreased htt expression by small interfering RNAs (siRNAs; Figure 1F ). Tracking of moving vesicles retrophic support and to neurotoxicity, which are both rescued by wild-type htt. These results demonstrate that vealed that a reduction in htt increased the percentage of static vesicles and reduced their velocities while inthe antiapoptotic properties of htt are linked to the ability of htt to promote transport of BDNF in the brain.
creasing their pausing times (Figures 1G) .
Thus, we demonstrate that one function of htt is to enhance intracellular transport of BDNF-containing vesResults
icles. This function is altered when htt expression is reduced or when htt contains the polyQ expansion.
Huntingtin Regulates the Dynamics of BDNF-Containing Vesicles
We first analyzed the distribution of endogenous wild-BDNF Vesicular Transport Is Specifically Altered in HD type and polyQ-htt with BDNF in neuronal cell lines derived from knockin mice (Trettel et al., 2000) . These cell To establish whether our findings are relevant to HD pathogenesis, we analyzed BDNF dynamics in primary lines carry either two copies of wild-type htt (wild-type neuronal cells, ϩ/ϩ) or two copies of mutant htt (homocultures of cortical neurons. In comparison to the control condition, wt-FL-htt but not polyQ-FL-htt significantly zygous mutant neuronal cells, 109Q/109Q). 3D deconvolution microscopy revealed a partial colocalization of increased the mean velocity of vesicles ( Figure 2A and Supplemental Movies S1, S2, and S3). endogenous BDNF with htt, but no obvious differences were found with polyQ-htt ( Figure 1A ). This partial coloWe next assessed BDNF dynamics in more physiological conditions using neuronal cell lines derived from calization was confirmed biochemically (see Supplemental Figure S1 at http://www.cell.com/cgi/content/ knockin mice where a CAG expansion has been inserted into the endogenous mouse htt gene (Trettel et al., 2000) . full/118/1/127/DC1).
We next examined the effect of htt upon the dynamics These cell lines carry either two copies of wild-type htt (wild-type neuronal cells, ϩ/ϩ), one copy of wild-type of BDNF-containing vesicles using fast 3D videomicroscopy followed by deconvolution. NG108-15 neurohtt and one of mutant htt (heterozygous neuronal cells, ϩ/109Q), or two copies of mutant htt (homozygous mublastoma cells were transfected with BDNF-eGFP and either wild-type full-length htt (wt-FL-htt), polyQ-FL-htt tant neuronal cells, 109Q/109Q). These cell lines reflect the closest situation to HD patients, as, in these cells, or the corresponding empty vector. We monitored the movement of vesicles by acquiring images in 3D. After wild-type or polyQ-htt are expressed at endogenous levels. The mean velocity of BDNF vesicles was signifideconvolution, a 2D reconstruction of each time point was performed. The overlapping of vesicles in comparicantly decreased in ϩ/109Q and 109Q/109Q cells compared to ϩ/ϩ cells ( Figure 2B) . Interestingly, the alterson to their previous localization was drastically decreased by expression of wt-FL-htt ( Figure 1B) . In conation in transport was similar in heterozygous and homozygous mutant neuronal cells. This finding is in trast, when htt contained the polyQ expansion, vesicular movement was comparable to the BDNF-eGFP alone. agreement with the genetic dominance in HD and suggests that mutant polyQ-htt could act in a dominant We calculated the mean percentage of colocalization of vesicles between two successive time points (every 1.5 manner to alter transport. Finally, by ectopically expressing wt or polyQ-FL-htt s) for the first ten acquisitions. We found the percentage of static vesicles to be significantly reduced from 43.3% in 109Q/109Q cells, we tested whether the loss of intracellular transport of BDNF in polyQ-htt condition could to 23.7% by the expression of wt-FL-htt ( Figure 1C) .
We tracked BDNF-containing vesicles in NG108-15 be rescued by wild-type htt ( Figure 2C ). Expression of wild-type htt increased velocity in 109Q/109Q cells, cells and analyzed the influence of wt or polyQ-FL-htt on vesicle velocities ( Figure 1D ). Velocities were deterwhile polyQ-htt had no effect. In addition to htt, polyQ expansion in unrelated promined by comparing the x and y coordinates of one vesicle every 1 or 2 s over 1 min and were typically teins is the cause of other neurodegenerative disorders, including spinal and cerebellar ataxias such as SCA3 calculated for each condition from two to three independent transfections with a total of about 1000-5000 meaand SCA7. Therefore, we tested the effect of wild-type and polyQ forms of ataxin-3 and -7 on BDNF transport. sures in 5-17 independent cells. Under control conditions, BDNF vesicles moved at an average velocity of Strikingly, these proteins had neither a stimulatory nor an inhibitory effect on BDNF transport ( Figure 2D ). This 8.62 m/min, which was comparable to previously re- We tested whether transport of other organelles such We next investigated the mechanisms by which htt mediates a stimulatory effect on BDNF trafficking. BDNF as mitochondria is affected in HD using a mitochondrial marker. While 109Q/109Q cells showed a decreased vesicles were localized along MTs and distributed in a graded fashion from the perinuclear region to the plasma BDNF vesicular velocity compared to ϩ/ϩ cells ( Figure  2B ), the transport of mitochondria was unaffected in HD membrane ( Figure 3A) . After depolymerizing MTs with nocodazole, BDNF vesicles were randomly distributed. mutant cells ( Figure 2E ). Although we can not exclude that other types of transport are affected in 109Q/109Q
In nocodazole-treated cells, BDNF vesicular movement was completely blocked ( Figure 3B ), demonstrating that cells, our findings indicate that the function/dysfunction of htt is specific, at least in part, to the transport of BDNF.
BDNF transport, as observed in our experimental condi- Figure 3C ), indithe alteration in BDNF transport in HD cells is unlikely to be the consequence of a major polyQ-induced cycating that wt-FL-htt induces a more direct transport of vesicles along the MT network. Second, we calculated toskeletal disorganization, as actin and MT networks as well as the distal end of the growing MTs were comparathe effect of htt on the distance traveled by vesicles between two pauses. This parameter was used to demble between ϩ/ϩ and 109Q/109Q cells (Supplemental Figure S3 ).
tions, is an MT-based transport. It is worth noting that roblastoma cells expressing wt-FL-htt than in control cells or cells expressing polyQ-FL-htt (
onstrate that dynactin is a processivity factor for the cytoplasmic motor protein dynein (King and Schroer, In order to quantify transport efficiency along MTs, we investigated the influence of htt on two parameters. 2000). When expressing the mean velocity as a function of the distances, wt-FL-htt increased the distance travThe first one, "persistence," relies on the ability of a given organelle to move and persist in a directional eled between two pauses independently of velocity (Figure 3D ). By contrast, polyQ-FL-htt had no effect. In conmovement and is calculated as the ratio between the total distance covered by the particle and the shortest clusion, this demonstrates that a function of htt is to enhance the efficiency of BDNF vesicles transport possible distance between its initial and final points (Cordonnier et al., 2001 ). Persistence was lower in neualong MTs. We next investigated BDNF dynamics in cell body tracking protein (Stepanova et al., 2003). In agreement with previous studies, 70%-80% of the observed EB3 versus neurites in cortical neurons ( Figure 3E ). While htt stimulated BDNF transport both in neurites and in cell displacements in neurons were toward the tips of the neurites (data not shown), strongly indicating that most bodies, this stimulatory effect was especially evident in neurites. As we observed the movements of BDNF to of the outward and inward movements correspond to anterograde and retrograde movements, respectively, be bidirectional (see Supplemental Movie S4), we also asked whether, in neurites, transport was selectively according to the MTs' organization. regulated by htt in one or both directions. In axons, MTs are orientated unidirectionally with all plus ends pointing Huntingtin-Mediated Vesicular Transport Requires HAP1 toward the growth cone. However, in dendrites, MTs are organized in both directions with plus ends pointing Htt interacts with HAP1, which could play a role in intracellular transport. We analyzed the consequences of both distally and toward the cell body (Baas et al., 1988). As we could not distinguish between axons and den-HAP1 expression on BDNF-eGFP dynamics. Strikingly, HAP1 specifically induced a dramatic redistribution of drites in our assay, we determined the velocity of BDNF vesicles moving toward the tips of the neurites (outward) BDNF-containing vesicles into large cytoplasmic bodies with a partial to complete disappearance of individual or moving to the cell body (inward) ( Figure 3F ). Htt enhanced the velocity of BDNF vesicles that moved outvesicles ( Figure 4A and Supplemental Figure S4 ). HAP1 was localized at the periphery of these BDNF immunoreward or inward, and both movements were affected equally by polyQ. To relate the outward/inward moveactive cores. These structures resembled HAP1-containing organelles, described as stigmoid bodies in norment to the organization of the MT network in axons and dendrites, we analyzed the directionality of MT growth mal brains (Gutekunst et al., 1998) (Supplemental Figure  S5) . HAP1 induced the recruitment of wt-or polyQ-FLin cortical neurons using end binding protein 3 (EB3) coupled to GFP. EB3 is neuron-specific plus endhtt and p150
Glued into these BDNF-containing bodies (Fig- ures 4B and 4C) but had no effect on mitochondria that HAP1 is essential for the stimulatory effect of htt on BDNF trafficking. (Figure 4D) . Finally, the formation of the HAP1-induced BDNF bodies depended on the integrity of the MT network and was minus end-directed as sensitive to the Huntingtin/HAP1/p150 Glued Dynactin Complex Is Altered in HD overexpression of p50/Dynamitin (Supplemental Figures S6 and S7) .
The finding that HAP1, htt, and p150 Glued relocalized in the BDNF-containing bodies led us to assess the status We sought to establish whether truncated versions of htt that do not interact with HAP1 still activate transport of these proteins in the pathological situation by sucrose gradient fractionation. Cytosolic cell extracts from ϩ/ϩ of BDNF. In contrast to an N-terminal fragment of htt containing the first 480 amino acids, exon1 of htt (first and 109Q/109Q cells were fractionated on a linear sucrose gradient (7.5%-25%). Wild-type htt comigrated 67 amino acids) did not bind HAP1 ( Figure 4E ) (Bertaux et al., 1998) and had no effect on transport ( Figure 4F) . with p150 Glued and dynein, suggesting that a fraction of soluble wild-type htt is present in the p150
Glued

/dynein
Finally, htt-mediated stimulation of transport was blocked when HAP1 protein levels were reduced by complex ( Figure 5A) (Li et al., 1998 ). In addition, we also found a peak of htt in lower-density fractions, indicating siRNA ( Figures 4G and 4H ). These results demonstrate 
and in brain from HD patients (two HD individuals were tested). (B) Htt binds p150
Glued via HAP1. Extracts from cells transfected with 480-17Q and siRNA-HAP1 or corresponding scramble were immunoprecipitated (IP) using an anti-htt antibody, revealing a decreased immunoprecipitation of p150
Glued when HAP1 levels are decreased.
(C) Interaction of htt and p150
Glued is enhanced by the polyQ expansion.
GST-HAP1 pull-down experiments were performed in the presence or absence of p150
Glued and wild-type or polyQ-htt. The graph represents the quantitative assessment of htt (n ϭ 4) and p150
Glued (n ϭ 3) binding to HAP1.
(D) Immunoprecipitation experiments in 109Q/109Q cells show enhanced interaction of p150
Glued with polyQ-htt. Cell extracts were immunoprecipitated using anti-htt or anti-␤-galactosidase (control) antibodies and immunoprobed with anti-htt or anti-p150
Glued antibodies. The graph represents the quantitative assessment of the optical density of p150
Glued and htt and is expressed as a p150 Glued /htt ratio (n ϭ 4) (*p Ͻ 0.05).
that htt may also exist as a free component of this cominteraction depended on the presence of HAP1 ( Figure  5B) , showing that htt forms a complex in cells with plex. Interestingly, in the pathological situation, most of polyQ-htt sedimented in these lower-density fractions. p150 Glued via HAP1. We next analyzed the influence of the polyQ expanWe confirmed this result in more physiological situations in HD mice and in HD individuals. In HD patients, a shift sion on the htt/HAP1/p150 Glued complex. PolyQ-htt bound HAP1 with a higher affinity compared to wildin the migration of dynein IC compared to p150
Glued was observed, suggesting a disruption of the dynein/dynactype htt ( Figure 5C ) (Li et al., 1995) . Strikingly, p150
Glued binding to HAP1 was also increased when htt contained tin complex. Together, our results in cellular and mouse models of HD as well as in HD patients suggest that the pathological expansion. In a more physiological situation, the ability of anti-htt antibodies to immunoprecipip150
Glued
, htt, and dynein may be involved in the same cytoplasmic protein complex and that this complex is tate the p150 Glued protein was enhanced in the 109Q/ 109Q neuronal cells in comparison to wild-type cells altered in HD.
We examined whether htt binds to p150 Glued and whether ( Figure 5D ). We also observed this enhanced binding of p150 Glued to htt in postmortem brain extracts from HD this binding is direct or requires HAP1 by immunoprecipitation experiments. Htt interacted with p150
, and this patients compared to control individuals (data not shown). In conclusion, the presence of polyQ expansion dazole had no effect on the amount of BDNF released after depolarization ( Figure 7A ). To specifically test the in htt leads to an increased interaction between polyQhtt, HAP1, and p150 Having established the experimental conditions to the distribution of HAP1 to MTs by cotransfecting cells assay a BDNF release that is strictly dependent upon with htt and HAP1. While HAP1 was normally enriched transport, we investigated the effect of polyQ expansion. in the pellet fraction, a significant fraction of HAP1 redisTo make sure that the observed effect on BDNF release tributed to the supernatant fraction in the presence of was not due to a defect in BDNF production, we ectopipolyQ-htt ( Figure 6A, right panel) . cally expressed BDNF under the control of CMV proUsing 109Q/109Q cells, we found that binding of enmoter and found similar levels of intracellular BDNF dogenous htt and p150
Glued to To confirm our hypothesis, we determined BDNF levp150 Figure 2B ). This discrepancy might be related 5C, a neuron-specific kinesin (Kanai et al., 2000) . Thus, to the experimental conditions. Indeed, in contrast to HAP1 could directly interact not only with p150
Glued but overexpressing cells, neuronal cells generated from also with kinesins and, as demonstrated for p150 
